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Abstract: We describe a two-photon absorption process that is excited by entangled pairs 
but not non-entangled pairs with the same energy and polarization.  Photon states can be 
selected so that in the non-entangled process, there is destructive interference between 
different orders of absorption and intermediate state contributions.  A non-zero entangled 
absorption cross section is obtained by varying the entanglement time and/or pair delay 
parameters.  As an example, the destructively interfering energy and polarization states 
and the resulting entangled absorption cross section for Rb 5S1/2 Æ 5D3/2 transitions are 
computed.  This effect can be used to construct an entangled photon detector with 
applications in sensing, cryptography, and lithography.   
 
The past two decades have seen an explosion in quantum entanglement research in areas 
such as quantum computation1, quantum cryptography2, and lithography3.  Entangled 
photons, entangled atoms and entangled atom-photon systems have all been 
demonstrated.  A number of sensing concepts that employ entangled photons pairs 
(biphotons) have been demonstrated4 and have engendered similar concepts that rely on 
non-quantum correlations5. Quantum imaging is beginning to emerge as a field.6 In most 
of this work, the detection scheme relies on coincidence measurements between photon 
pairs.  The use of coincidence detection presents challenges in experiments of this nature.  
The experiment rate is limited by the speed of the electronics.  The illumination intensity 
must be low enough that no more than a single signal/idler pair arrives within the 
coincidence window.  If multiple pairs arrive at the detectors within the same gate time, 
signal and idler photons derived from different pump photons can result in unwanted 
coincidence measurements, contributing to noise in the system.   
 
Recently, a number of authors have shown that upconversion processes can act as a 
detector. 7 This has the advantage of allowing characterization of the photon wave 
packets on femtosecond time scales.  In this Letter we show that this type of detection 
scheme can also be designed to respond preferentially to entangled pairs, using quantum 
interference effects to suppress false detections from otherwise identical non-entangled 
pairs.  Thus we can create a “biphoton detecting device (BDD) 8” that can test for 
entanglement vs. non-entanglement of photon pairs.   
 
One application of such a device is to target detection.  Consider the problem of detecting 
an object against a strong background.  A beam of photons is directed at a possible target 
location.  If no target is present, the sensor detects only background.  If a target is present, 
then the sensor detects both the background and photons reflected from the target.  If the 
background is strong compared with the target, then it can be difficult to differentiate 
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signal photons scattered by the target from background photons.  Recently, “quantum 
illumination”9 was suggested as a mechanism to differentiate signal photons from 
background photons with enhanced signal-to-noise achieved due to the phase space 
correlation between signal and idler photons.  The biphoton detection approach provides 
additional enhancement by using quantum interference for background suppression.   
 
The theory of random two-photon absorption (RTPA) was developed by Goppert-Mayer10 
and extended to a number of multi-photon processes11.  There is significant structure in 
the two-photon cross section with strong enhancement when one of the single photon 
energies approaches an allowed intermediate state transition.  Destructive interference 
between pairs of intermediates was also predicted and observed.12  The entangled two-
photon absorption (ETPA) cross section for atomic systems was derived by [13] and 
generalized to entangled multi-photon processes by [14], while [15] suggest that 
entanglement modulation can be used to access virtual state information in atomic 
systems. 
 
Given the flux φ  of entangled photons incident on a target, both entangled and random 
absorption processes can occur.  The entangled process is linear in φ  while the random 
process is quadratic.  This can be estimated using a probabilistic model from the single-
photon cross section σ , the virtual state lifetime vτ , the entangled photon correlation time 
eT  and the correlation area eA . vτ  is determined by the uncertainty principle from the 
energy defect EΔ  between the absorbed photon energy and the energy of the closest 
intermediate atomic state.16  The biphoton correlation time is an entanglement time 
derived from the superposition of signal and idler delays. 17,18  If multiple spatial modes 
of the signal and idler are used, then the correlation area eA  is determined by the 
momentum entanglement of the biphoton, but if single modes of the signal and idler are 
captured and transmitted to the target, then the correlation area eA  is the focal spot size of 
the signal and idler beams.  As a result, the total two-photon absorption rate is given by 
2φδφσ rere RRR +=+=  (1) 
 
where eeve TA2/~
2τσσ , vr τσδ 2~ and the biphoton-flux density is 2/φ .  Although the 
entangled linear absorption regime has been demonstrated in targets consisting of up-
conversion crystals7 and organic molecules, 19 it has not yet been demonstrated in atomic 
vapor targets.   In the linear regime, [19] also exhibited non-monotonic modulation with 
inter-beam delay, indicative of an entangled interference process.   
 
To develop a BDD system, we start with entangled photons produced using spontaneous 
parametric down-conversion (SPDC).  In SPCD, photons from a pump laser beam are 
split into entangled photon pairs by a non-linear crystal or waveguide, satisfying 
21 ωωω +=p  and 21 kkk +=p  where 2,1,pω  and 2,1,pk  are the photon frequencies and 
wave-vectors and p , 1 and 2  index the pump, signal, and idler variables respectively. 
 
The electric field distribution for states of definite polarization at the output of the crystal 
face is given by the biphoton wave function14 
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( ) ( )iii t,rE +  is the interaction picture operator, 2/)/1/1( 2121 uulTTTe −=−= , ( )eeQ TcAVv 2021220 2/ εωωh= , 2/yxAe ΔΔ≡ π , and quantization volume ∫= rdVQ 3 .   
 
The wave-function (2) is both momentum- and energy-entangled since it is not 
factorizable in either space or time variables.  The non-factorizability is caused by the 
superposition of the pair creation points within the crystal.  Because of dispersion and/or 
birefringence, different pair-creation points lead to different temporal and spatial 
separation of the signal and idler rays.  The spatial variation scale is large compared with 
atomic length scales, so the biphoton wave-function can be taken as approximately 
constant over a single atom.  Placing the atom at the coordinate system origin, we set 
021 == xx  and similarly for y  and z .  The difference between the entangled and non-
entangled cross sections is due entirely to the box-car function )(tΠ .   
 
Both RTPA and ETPA use photons with frequencies near 01ω  and 02ω  to drive the 
transition from ground state frequency gε  to final state fε , satisfying gf εεωω −=+ 0201 .  
For a monochromatic pump, the ETPA cross section is13 
( ) ( ) 20201020120 4 eifeee MTAc ωωεεδωωε
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with summation over intermediate states i  with width iκ , photon indices 2,1, =kj , 
jgi
i
j ωεε −−=Δ , and gkiijfijk ddD ψψψψ= .  The transition dipole matrix element 
between atomic states a  and b  with photon polarization jλ  is ajb d ψψ  where the 
dipole operator is rd e−=  and dλ ⋅= jjd .  Eq. (5) is a generalization of [13] to include 
the effect of inter-beam delay τ  and is consistent with [15].   
 
The RTPA cross section is: 
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Figure 1 – Candidate BDD two-photon absorption processes from the 5S1/2, mJ=1/2 Rb 
ground state into a single final state (energy levels not to scale). 
 
We now determine how to select photon energies and polarization states so that RTPA 
destructively interferes in Rb, allowing it to be used as an entanglement-selecting 
detector.  The low-lying fine structure of Rb is shown in Figure 1.  The selection rules for 
dipole transitions are 1±=ΔL , and 0=ΔM , 1 or 1−  respectively for z -, +σ - , and 
−σ polarized light.  For a two-photon transition starting in the S , 2/1+=Jm  ground 
state, 1±=ΔL  requires that the final state be either a D or an S state.  The lowest energy 
options are transitions to the 2/35D  states.  For transitions that involve more than a single 
final state, the absorption cross section requires averaging over the final states, making it 
impossible to solve for destructive interference unless all final states separately interfere.  
Figure 1 shows 4 candidate transitions from 2/15S  into a unique Jm  final state with 
photon polarizations: −−σσ , −σz , zz , and +σz .  By symmetry, there are four additional 
transitions from the 2/1−=Jm  with −+ ↔ σσ .  The −σz  and +σz  transitions require 
state preparation, such as optical pumping, to eliminate transitions from the 2/1−=Jm  
state.  The −−σσ  and zz  transitions do not require state preparation, since selection rules 
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forbid competing transitions for −−σσ , while zz  yields the same result for transitions 
from either Jm  ground state.   
 
To evaluate the ETPA and RTPA transitions, define 0=gε  and δωω m2/02,1 p= .  There 
are two fine structure intermediate levels with frequencies apP −≡ 2/2/1 ωε  and 
bpP −≡ 2/2/3 ωε , where20 =a ( )π2 8.1342 THz  and b = ( )π2 1.0110 THz, so the RTPA 
matrix element can be written  
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Figure 2 – Rb random two-photon absorption cross sections for Rb 5S1/2 Æ 5D3/2. 
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where Mother represents all other nP intermediate levels (n≠5) and the continuum.  
The evaluated cross sections are shown in Figure 2.  The double dipole transition matrix 
elements are given in Table 1.   The transition elements are normalized by the empirically 
derived common factor 20
2
5555
2 6~
2/12/3
aeRrRRrReR SPPDJ JJ=   where JnlR  is the 
reduced radial wave function, derived from the observed Rb transition rates. The J -
dependence ratio is21 2/12/3 / RR≡η =1.067(7).  The cross section is averaged over final 
states with the density of final states determined by the lifetime 4.246~lτ ns of the 2/35D  
state.22   
 
The frequency detuningδ  required for BDD destructive interference is obtained by 
solving ( ) 0=δrM .  For −−σσ ,  ( ) ( )babaab ηηδ σσ −−−±=−− / , so there is no real solution 
for 0>a , 0>b ; for zz , ( ) ( )babaab ηηδ ++±= 5/5 22zz ; for +σz , 
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)5/(512011
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ηδ σσσ abababba zzz .   
 
Numeric values for all the BDD detunings are given in Table 1.  The deep nulls at the 
BDD detuning are evident in Figure 2.  (The 5P state linewidths Pκ ~(2π) 6 MHz have 
been incorporated in the plot.)  
 
Pol 
1 
Pol 
2 
RD /2/121  RD /
2/1
12  ( )ηRD /2/321  ( )ηRD /2/312  δ  (THz) 
z  z  9/2  9/2  45/2  45/2  ± 1.645(4) 
z  +σ  33/1−  0 315/2  35/1−  -0.3124(7) 
z  −σ  9/1  9/2  45/4  45/1−  -3.514(14) 
+0.7642(6) 
−σ  −σ  ( ) 6/515/2−
 
( ) 6/515/2−  ( ) 6/515/2
 
( ) 6/515/2
 
No real 
solution. 
 
Table 1 – Double dipole transition matrix elements (normalized by 20
26~ aeR = ) and 
destructive interference degeneracy values δ for candidate BDD polarizations. 
(Additional far off-resonance solutions that depend strongly on Mother are available for 
zσ + and zσ -.) 
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Figure 3 – ETPA absorption cross section for zz  polarization with detuning selected to 
suppress RTPA.  The cross section is plotted in cm2 as a function of entanglement time 
eT  and inter-beam delay τ .  The maximum value =maxeσ 10-15 cm2 is achieved at 
0075.0=τ  ps and 043.0=eT ps.  
 
Figure 3 shows the non-zero biphoton absorption as a function of eT  and τ  for zz -
polarization and BDD detuning δ ~1.645THz.  To compute the cross section, we must 
evaluate the entanglement area eA , which depends on the details of the experimental set-
up.  A typical value can be calculated assuming that the signal and idler beams constitute 
single modes of their respective optical systems.  eA is then determined by the minimum 
focal spot diameter achieved by the optical system.  The biphotons have wavelength near 
~λ 778 nm and can be focused onto a focal spot of diameter ( )NAD πλ /2=  for a lens of 
numerical aperture NA,  with NA ~ 1, D ~500 nm, and eA ~2×10
-9 cm2.  The cross section 
rapidly oscillates with eT  and τ , with frequency scale set by the intermediate state 
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frequency detuning ~ba + 9THz.  The peak value of the cross section maxeσ ~10-15 cm2, 
although this occurs at =eT 0.05 ps.   
 
To summarize, we have shown how entanglement can be used to selectively tag 
individual quanta, and how interference can be used to differentiate them from otherwise 
identical particles that are not entangled.  We have described an example system based on 
entangled photons and an Rb vapor cell.  BDD can be used in both detection and imaging 
applications.  The advantage of this technique is that it enables nearly complete rejection 
of background noise.   
 
A number of challenges must be addressed before BDD can be used in realistic systems.  
Entangled source luminosity must be improved.  The two-photon absorption process is 
weak compared with single photon effects.  The narrow-band nature of the random two-
photon null is problematic.  It may be feasible to address both issues through the use of 
dressed atomic states similar to those used in slow light and electromagnetically induced 
transparency.   
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